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Investigating magnetic proximity effects in NiOÕPd with polarized neutron reflectometry
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With polarized neutron reflectometry we investigated NiO/Pd heterostructures for the presence of a magnetic
proximity effect, which is expected to produce an induced ferromagnetic moment in Pd. Using a specific
isotope mixture of Ni in the preparation of NiO, the chemical contrast across the Pd/NiO interface was greatly
suppressed, thus enhancing sensitivity to magnetic contrast at the reflecting interface. Despite enhanced sen-
sitivity, no evidence for a proximity effect was observed. If present, the magnetic moment per Pd atom could
not be more than 0.01mB , regardless of Pd layer thickness, crystalline interface orientation, and number of
NiO/Pd bilayers.
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I. INTRODUCTION

The discovery of giant magnetoresistance1 and its subse-
quent use in magnetic recording technology have rene
interest in magnetic heterostructures and the magnetic p
erties across interfaces of magnetically dissimi
materials.2,3 One question germane to studies of magne
heterostructures is whether magnetic order in one mate
induces magnetic order in a nominally nonmagnetic mate
giving rise to a so-called magnetic proximity effect. For e
ample, easily polarizable materials, such as Pd and V~i.e.,
materials that are almost ferromagnetic!, can acquire a siz-
able magnetic moment if they are in contact with a ferrom
netic material.4–9 Theoretical calculations suggest that t
first layer of Pd in contact with a ferromagnetic mater
acquires a magnetic moment of about 0.3mB /Pd atom, which
then decays rapidly away from the interface.10

Recently Managoet al.11–13suggested that NiO/Pd supe
lattices can acquire a ferromagnetic moment. Since NiO is
antiferromagnet, and thus has no net magnetization, Man
et al. concluded the observed magnetization came from
ferromagnetic moment induced in Pd. By measuring a s
tematic variation of the observed magnetization with
layer thickness Managoet al. inferred a magnetic moment o
0.59mB /Pd atom, which decayed away from the Pd/NiO
terface to zero within 35 Å.12 However, neither the Pd mag
netic moment nor the spatial dependence was observe
rectly in these experiments. The goal of this study was
directly observe the induced Pd moment and characteriz
spatial dependence in NiO/Pd heterostructures by polar
neutron reflectometry—a technique tailor-made to accura
determine the depth dependence of the magnetization pr
in a magnetic heterostructure.14 There are other method
such as magnetic dichroism which also have the neces
sensitivity and chemical specificity, but any spatial dep
dence is normally inferred indirectly, e.g., by varying lay
thicknesses.8

II. ENHANCEMENT OF MAGNETIC CONTRAST

Within the optical formulism of Parratt,15 the reflectivity
of a sample measured with polarized neutrons is relate
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the variation of the index of refractionn for the sample av-
eraged over its lateral dimensions. The index of refractionn,
is given by16

n65nN6nM512
l2

2p
@b~z!N~z!64pcM~z!#, ~1!

wherenN andnM are the nuclear and magnetic contribution
respectively, to the index of refraction,l is the neutron
wavelength@Å#, b(z) is the averaged nuclear scattering a
plitude @Å# as a function of distancez from the surface,N(z)
is the atomic density@Å23#, c52.64531025 Å /mB is a
constant, andM (z) is the magnetization density@mB Å23#.
The 6 signs refer to the orientation of the neutron bea
polarization relative to the applied magnetic field, either p
allel (1 or up! or antiparallel (2 or down!.17 Using an it-
erative process15 and Eq.~1!, the specular polarized neutro
reflectivity R6 is calculated as a function of momentu
transfer,q54p sinu/l, with u being the angle between th
incoming neutron beam and its projection on the sam
surface.14 The reflectivity profilesR6(q) contain both infor-
mation about the chemical profile@through the nuclear scat
tering length densityb(z)5b(z)N(z)# and the magnetic
profile @through the magnetic scattering length dens
4pcM(z)#. A net magnetic moment in the sample manife
itself by a splitting between the two reflectivity profiles, su
that R1ÞR2 if M (z)Þ0.

Previously, polarized neutron reflectometry has been u
to determine with 10% precision the net magnetic mom
from ferromagnetic layers a few monolayers thick.18,19 This
high sensitivity to a small magnetization volume was o
tained by a judicious choice of an overlayer of simil
nuclear scattering length as the substrate, so as to cre
resonance~anti-resonance! for up ~down! polarized neutrons,
which then in turn gives rise to enhanced magnetic contr

The goal of the present experiment is to detect a magn
moment of up to 0.6mB /Pd atom, which could possibly ex
tend from the Pd/NiO interface only 10–40 Å into the P
This is preferably investigated in simple bilayer samp
~with only one Pd/NiO interface!, since it avoids problems
©2001 The American Physical Society28-1
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FIG. 1. ~Color! Simulations of polarized neutron reflectivities for a bilayer of 50 Å NiO/150 Å Pd on a Al2O3 substrate;R1 is red,R2

is blue. The simulation is shown for~a! NiO with natural abundance of Ni isotopes and~b! for NiO with a specific mixture of Ni isotopes
as described in the paper. The insets show the first fringe maximum on a linear scale.
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with inequivalent interfaces and simplifies the data analy
Clearly, detection of such a small moment is a challeng
problem and therefore we extended the idea of cont
matching from Ref. 18 to the present problem. Using spec
isotopes of Ni, we can match the nuclear contrast through
the heterostructure such that the nuclear scattering le
densityb is constant throughout our Pd/NiO bilayer syste
i.e., bNiO5bPd . Thus, chemical contrast across the Pd/N
is suppressed with a concomitant enhancement in~relative!
magnetic contrast. Notice thatbPd54.01331026 Å22 for
natural Pd is smaller thanbNiO58.84031026 Å22 for
natural NiO. Since the scattering length density is given
b5b̄N, whereb̄ is the nuclear scattering amplitude averag
over all different atoms and isotopes andN is the atomic
density, it is thus possible to achieve contrast matching
using an appropriate amount of62Ni, which has a negative
scattering length ofb528.731025 Å , compared tob
510.331025 Å for natural Ni.20,21

To demonstrate enhanced magnetic contrast, reflect
profiles were calculated for a bilayer composed of 5
Å-thick NiO and 150-Å-thick Pd on a MgO substrate with
moment in the Pd layer of 0.32mB /atom decaying
exponentially22 away from the Pd/NiO interface within 1
Å. These simulations suggest that a measurable differe
betweenR1 andR2 can be achieved using a special isotop
mixture of Ni. It should be pointed out that the induced ma
netic Pd moment and its spatial extent used in our sim
tions are similar to what has been suggested for Pd
bilayers,10 but significantly smaller than the values inferre
by Managoet al.12 For larger magnetic moments or spat
extent, such as the ones suggested by Managoet al., the
magnetic contrast would be even larger. Reflectivity profi
for a Pd/NiO bilayer using the natural abundance of Ni is
topes@Fig. 1~a!# and a special62Ni-enriched mixture@Fig.
1~b!# were calculated. Comparing these profiles a lar
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splitting betweenR1 andR2 especially at high reflectivities
is observed for the62Ni-enriched composition. SinceM (z)
is related to this splitting, use of the special isotope mixtu
offers significant benefits. In Fig. 1~b! the mixture of 62Ni
and natural Ni is such that the nuclear scattering length d
sity of NiO is the same as Pd. In order to show the match
for the scattering length densitiesb of NiO and Pd,b is
plotted in Fig. 2 for neutron beam polarization up~blue! and
down ~red! for natural Ni isotope abundance~a! and for the
62Ni/natural Ni mixture~b!.

III. SAMPLE PREPARATION AND CHARACTERIZATION

Several epitaxial NiO/Pd bilayers and superlattices w
grown on@001# Al2O3 and on@100#, @110#, and@111# MgO
substrates. By choosing different substrates, bilayers co
be grown with different crystalline orientations. Thus, t
influence of the interfacial antiferromagnetic spin structu
on the magnetic proximity effect can be investigated. Not
also that, since the antiferromagnetic structure of NiO h
ferromagnetically aligned layers along the@111# planes, a
proximity effect in NiO/Pd is expected to be most enhanc
for @111#-oriented NiO films.

Before film deposition, the substrates were heated
500 °C for 1 h. The NiO was deposited by electron be
evaporation from a Ni target with a 1.18:1 ratio of62Ni and
natural Ni in an oxygen atmosphere of 431024 Torr while
the substrate temperature was maintained at 20062 °C. Sub-
sequently, the substrates were cooled to room tempera
and the oxygen evacuated so that the base pressure b
deposition of Pd from a 99.99% pure target was,1027 Torr.
The deposition rate of NiO and Pd was 0.6 Å/s. For t
preparation of NiO/Pd superlattices the substrate tempera
was maintained at 20062 °C throughout film growth. Prior
8-2
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FIG. 2. ~Color! Scattering length densities as a function of depthz into the film used for the simulations shown in Fig. 1~red line for
neutron beam polarization down, blue line for up!: ~a! with natural abundance of Ni isotopes and~b! with a specific isotope composition o
Ni in order to adjust the nuclear scattering length in NiO to the one of Pd. The dashed lines indicate the positions of the various in
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FIG. 3. ~Color! X-ray reflectivity of 46.5 Å NiO/154.3 Å Pd on
a @001# Al2O3 substrate~black dots! and fit to the data~red solid
line!. The inset shows the fitting parameters, which are also liste
Table I.
02442
to deposition of Pd, oxygen used to grow NiO layers w
evacuated from the electron beam evaporator.

The crystal and chemical structure of the NiO/Pd samp
was extensively characterized with x-ray diffraction a
x-ray reflectometry. Figure 3 shows the x-ray reflectivity f
a NiO/Pd bilayer grown on@001# Al2O3, which is used to
determine the chemical layer structure including interfac
roughness. This information will be used later as fixed p
rameters for the model used for fitting the neutron reflect
ties. A fit of the data obtained using a model structure and
iterative algorithm15 is shown in Fig. 3 with a red solid line
The structural parameters for the NiO/Pd bilayer obtain
from the fit to the x-ray reflectivity are shown in detail i
Table I for one series of four samples~including the one
whose data is shown in Fig. 3! deposited simultaneously o
various substrates. Note all Pd/NiO interfaces are very sh
regardless of crystal orientation or substrate.

The high-angle x-ray diffraction pattern for the sam
NiO/Pd bilayer on@001# Al2O3, whose low-angle profile was
discussed previously, is shown in Fig. 4. From high-an

in
n on

.

TABLE I. Structural parameters obtained from fitting the x-ray reflectivities for NiO/Pd bilayers grow
@001# Al2O3, @100#, @110#, and@111# MgO. Listed are the NiO (tNiO) and the Pd (tPd) layer thicknesses, as
well as the roughnesses of each interfacessur f ace/Pd , sPd/NiO , andsNiO/substrate~see also the inset in Fig
3!. Additionally the full width at half maximumDu for the high angle Pd peaks@~111!, ~200!, ~220!, and
~111!, respectively# is shown.

Substrate @001# Al2O3 @100# MgO @110# MgO @111# MgO

tPd @Å# 154.360.2 132.360.1 139.960.2 156.960.3
tNiO @Å# 46.560.3 41.660.4 44.960.2 44.2160.05
ssur f ace/Pd @Å# 6.460.2 4.4460.07 7.0760.03 7.360.2
sPd/NiO @Å# 3.7360.07 3.2860.04 6.160.1 4.3560.06
sNiO/substrate@Å# 1.960.2 3.960.1 6.0160.08 3.9560.08
DuPd @deg# 0.03060.001 0.8460.08 1.3860.05 0.05860.005
8-3
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x-ray diffraction data, the texture, mosaic spread, and ph
purity of our samples were determined. Only the NiO~111!
and Pd~111! Bragg peaks are observed, indicating the@111#
texture of the bilayer. Furthermore, there are no peaks of
other phases besides Al2O3, NiO, and Pd. For both the~111!
Pd and~111! NiO Bragg reflections there are distinct finite
size fringes, from which the thickness of each layer individ
ally (15763 Å for Pd and 47610 Å for NiO! can be
determined. These thicknesses agree very well with
thicknesses~see Fig. 3 and Table I! obtained from the x-ray
reflectivity measurements. The inset of Fig. 4 shows
rocking curve of the~111! Pd Bragg peak, which indicate
the low mosaic spread of the crystal planes perpendicula
the sample surfaces. Again, the high-angle data for
NiO/Pd bilayers grown on@100#, @110#, and@111# MgO are
similar, showing@100#, @110#, and@111# texture, respectively
with no additional phases. However, the mosaic sprea
somewhat larger as can be seen in Table I.

Grazing incidence in-plane x-ray diffraction was used
determine the in-plane crystal structural quality of t
samples. A polar plot of the integrated in-plane~220! Pd
reflection intensity as a function of azimuthal anglev during
rotation about the surface normal of the@111# oriented Pd
film is shown in Fig. 5 for the NiO/Pd bilayer grown o
@001# Al2O3. There is a clear sixfold symmetry, such th
@220# Pd i @300# Al2O3 ~the Al2O3 diffraction peaks are no
shown in Fig. 5 for the sake of clarity!. The sixfold symme-
try of the diffraction pattern indicates that both the Pd a
the NiO layers grew epitaxially on@001# Al2O3.23 All
samples grown on the MgO substrates also showed equ
good epitaxial quality.

To summarize the structural x-ray diffraction characteri
tion, all samples were single-crystalline epitaxial NiO/Pd
layers with minimal roughness and interdiffusion~below
three monolayers!. High quality samples were grown regar
less of crystallographic orientation.

FIG. 4. High-angle x-ray diffraction of 46.5 Å NiO/154.3 Å P
on @001# Al2O3. The inset shows the rocking curve of the Pd~111!
peak.
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IV. POLARIZED NEUTRON REFLECTOMETRY

Polarized neutron reflectometry measurements were
formed using the NG-1 reflectometer at the NIST Center
Neutron Research. Prior to measurement, each sample
cooled in a 2 kOe field from 300 K to 25 K. This cooling
procedure was chosen since the earlier reports of Man
et al. suggested aTc for the NiO/Pd system below 300 K.13

The neutron measurements were performed in an app
field ranging from 2 kOe to 7.5 kOe. The polarized neutr
reflectivity measurements for the NiO/Pd bilayer on@001#
Al2O3, whose x-ray data are shown in Figs. 3–5, is shown
Fig. 6~a!. No obvious difference between theR1 and R2

reflectivity profiles is observed, indicating that there is
significant net magnetic moment in the sample. Addition
quantitative fitting@shown in Fig. 6~a! with the solid lines#
further confirms that no net magnetic moment exists in t
sample. The fits were obtained using an iterative algorith15

and using the structural parameters obtained from the fit
the x-ray reflectivities~see Table I!. The only fitted param-
eters were the nuclear scattering lengths for NiO and Pd
the net magnetic moment in the Pd layer, which was assu
to decay exponentially from the interface within 10 Å.22

With this assumption an induced magnetic Pd moment
mPd5(0.00360.008)mB is obtained directly at the NiO/Pd
interface. Thus an upper limit for an induced Pd momen
about 0.01mB /atom. An even smaller moment would be r
quired had the moment been distributed within a larger d
tance than 10 Å of the Pd/NiO interface. Results fro
samples prepared on MgO substrates were similar and
showed no evidence of any significant magnetic mome
Therefore, we conclude that there is no evidence for an
duced moment in Pd regardless of the crystalline orienta
of the NiO/Pd interface.

In addition to measuring the non-spin-flip reflectivitie
R6 we also measured the spin-flip reflectivities, whi
would indicate any magnetization component perpendicu
to the applied magnetic field. It is possible that antiferroma

FIG. 5. ~Color! Grazing-incidence x-ray diffraction of 46.5 Å
NiO/154.3 Å Pd on@001# Al2O3. Shown is a polar plot of the
in-plane~220! Pd Bragg intensity as a function of rotation about t
film normal.
8-4
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INVESTIGATING MAGNETIC PROXIMITY EFFECTS IN . . . PHYSICAL REVIEW B65 024428
netic order in the antiferromagnetic layer gives rise to n
anisotropies in an adjacent ferromagnetic layer.24,25 This
could then give rise to a magnetization, which is not align
with the applied field. However, we never observed any sp
flip scattering and thus did not observe any ferromagn
moment in the spin-flip reflectivities either.

The fitted values for the nuclear scattering length densi
of Pd and NiO werebPd5(4.560.1)31026 Å22 and
bNiO5(4.160.2)31026 Å22. The fitted values forbPd and
bNiO also correspond well to the published literature valu26

of the Pd nuclear scattering length density,bPd8 54.0
31026 Å22. Thus, the nuclear scattering density of N
was indeed well matched~to ,10%) to the Pd nuclear sca
tering length density. Good matching is further demonstra
by the polarized neutron reflectometry measurements o
181 Å NiO / 6 Å Pdbilayer on@001# Al2O3 @see Fig. 6~b!#.
This sample has a similar overall thickness as the sam
~154 Å NiO/47 Å Pd! previously discussed, but different P
and NiO layer thicknesses. Note the reflectivity profil
shown in Figs. 6~a! and 6~b! are nearly identical, indicating
the lack of chemical contrast between the NiO and Pd lay
Again there is no significant splitting between the two sp
cross sections in Fig. 6~b! and thus no significant magnet
moment in the Pd layer, regardless of the Pd layer thickn

Another example of the successful suppression of che
cal contrast across the Pd/NiO is presented in Fig. 7, wh

FIG. 6. ~Color! Polarized neutron reflectometry for~a! 46.5 Å
NiO/154.3 Å Pd and~b! 181 Å NiO/5.5 Å Pd on@001# Al2O3. Red
data points are forR1, blue data points are forR2. The statistical
error bars are indicated by vertical lines. The orange and light b
solid lines in~a! are fits forR6, respectively. The insets show th
data at the first fringe maximum on a linear scale.
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x-ray ~a! and polarized neutron~b! reflectivity profiles for a
~17 Å NiO/24 Å Pd)10 superlattice on@001# Al2O3 are
shown. While the x-ray data show the first superlattice Bra
peak~at about 0.12 Å21), no such superlattice Bragg peak
observed in the neutron reflectivity data, indicating on
again that the nuclear scattering length densities of NiO
Pd are well matched. Even though this superlattice sam
has nominally the same structure~except for the number o
bilayer repetitions! as the ones studied by Managoet al.,11–13

no evidence for an induced magnetic moment was obser
The absence of any measurable magnetic moment for
superlattice was further confirmed by superconducting qu
tum interference device~SQUID! magnetometry measure
ments, which did not detect any significant magnetic m
ment.

Clearly, a discrepancy between our data and the ea
reported results by Managoet al.11–13exists. Specifically, the
present results find no evidence for any significant ferrom
netic moment in samples of various crystalline orientatio
thicknesses, and bilayer repetitions, even though the sens
ity of the neutron reflectometry is more than sufficient
detect a magnetic structure inferred by Managoet al. ~see
Sec. II!. Therefore, we believe that the observations fro
Managoet al. are extrinsic in origin. One extrinsic origin
could be a deviation of NiO from ideal stoichiometry, whic
can give rise to ferrimagnetic behavior.27 Such a deviation

e

FIG. 7. ~Color! ~a! X-ray reflectivity for a~17 Å NiO/24 Å Pd)10

superlattice on@001# Al2O3. ~b! Polarized neutron reflectivity for a
~17 Å NiO/24 Å Pd!10 superlattice on@001# Al2O3. Red data points
are for theR1, blue data points are forR2. The statistical error bars
are indicated by vertical lines.
8-5
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HOFFMANN, FITZSIMMONS, DURA, AND MAJKRZAK PHYSICAL REVIEW B65 024428
could also explain the unusual dependence of the meas
magnetic moment on NiO layer thickness observed
Managoet al.11 if, for example, ferromagnetic precipitate
occur close to the NiO/Pd interface in the NiO layers. R
cently Ohldaget al. have shown that under certain circum
stances NiO can be reduced close to interfaces in magn
heterostructures to form pure Ni.28

Furthermore, it is interesting to note that Managoet al.
observed the biggest ferromagnetic moments in samples
polycrystalline NiO. At the same time it is very well know
that small particles and polycrystalline thin films of trans
tion metal antiferromagnets can show a net magnetiza
due to uncompensated moments.29,30This might also explain
the absence of any observed magnetic moment in the epi
ally grown samples presented in this study.

One further difference between our samples and the o
studied by Managoet al. is the growth temperature, in pa
ticular for the Pd layer. The higher growth temperatures u
by Managoet al. could give rise to increased interdiffusion
which could then give rise to a magnetic moment within t
Pd layer.

There could be several reasons for the absence of
magnetic proximity effect for Pd grown on NiO. NiO deve
ops antiferromagnetic domains even in single-crys
samples.31 These domains could induce moments in the
layer in various directions such that no long-range order
be established. The same effect could also occur due to s
tural defects, such as steps, which could give rise to an
fective frustration of any proximity effect. Of course the a
sence of any proximity effect could also be more intrinsic
for example, due to the insulating nature of NiO. Since
electrons are localized in NiO, it could be that their influen
on the Pd band structure is simply negligible.
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V. CONCLUSION

We have shown that by matching the nuclear scatter
length densities in magnetic heterostructures one can
press chemical contrast across a reflecting interface, wh
can lead to enhanced sensitivity to magnetic contrast us
polarized neutron reflectometry measurements. This te
nique is particularly beneficial in studies of very small ma
netic moments confined to a few atomic layers. Suppress
of chemical contrast was achieved for bilayers and super
tices of Pd and NiO prepared with a specific mixture of na
ral Ni and 62Ni. Samples with different Pd and NiO thick
nesses as well as several crystallographic orientations w
examined. Despite excellent crystalline quality and succe
ful efforts to suppress chemical contrast, no evidence for
induced moment in Pd was observed. In fact, by fitting t
data an upper limit on any induced moment in Pd
0.01mB /atom was determined. We conclude that the Pd/N
system does not show an intrinsic proximity effect and th
previously observed ferromagnetic moments are proba
extrinsic in nature.
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